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Abstract

Localized infrared (IR) laser heating of fused silica optics has proven highly effective 

in reducing or removing surface flaws which tend to limit performance in high power 

laser systems.  Here we present both simulation and experimental results to examine 

the use of IR laser light to polish, anneal and micro-shape fused silica surfaces used in 

high power laser systems. We show how the resulting material response can be tuned 

by considering the temperature-dependent optical constants of the material and 

choosing the appropriate laser parameter set.  For example, non-evaporative laser 

polishing of glass surfaces to heal crack networks is shown most effective when using

mid-IR lasers which lead to laser energy coupling up to ~1 mm in depth.  In contrast, 

long-wave IR light tuned to the Restrahlen frequency of the material is shown to 

evaporate material most efficiently with penetration depths of <1 m.  Through 

calibrated, time-resolved thermal imaging we are able to monitor the laser polishing 

process, to control material response. The results of our studies can be applied beyond 

the practical application of damage mitigation in high energy pulsed laser systems to 

any which require laser-smoothing and shaping of glass surfaces. 



2

1. Introduction

Thermomechanical modification of nano- and micro-structures on a wide variety of material 

surfaces to create or enhance surface properties using long-wave CO2 lasers has enjoyed 

significant success in recent decades.[1]  Recently, localized CO2 laser heating of silica glass 

has been successfully applied to control and mitigate surface damage on optics used in high 

power laser applications such as inertial confinement fusion (ICF).[2]  Because the nano- and 

micro-scale fractured surfaces associated with polishing/machining are believed to be 

associated with a higher concentration of UV-absorbing damage precursors, thermal 

treatment can act to allow these defects to anneal by way of surface or bulk diffusion.  

Additionally, enhancement of local field intensity from irregular interfaces, clearly present on 

optically damaged and laser machined surfaces, could also act to lower the damage threshold 

of laser optics.[3]  In this case, CO2 laser heating can act to macroscopically smooth or ‘fire 

polish’ these surfaces into more regular interfaces, thus lowering near-field intensification 

effects.  However, despite the long history of IR laser processing of silica optics, few 

attempts have been made to understand the energy coupling and heat flow in order to 

optimize material processing.     

The present work details efforts to understand the energy deposition of infrared laser light 

into fused silica surfaces for the purpose of polishing and repairing surface flaws to produce

surface finishes suitable for high power laser systems. We first describe the mid- and far-IR 

laser systems used to process fused silica surfaces and the in situ thermal imaging used to 

measure laser-induced temperature changes.  We show that, depending on the polish and 

surface figure requirements, the IR laser parameters (wavelength, pulse length, power, beam 

size) can be adjusted to optimize the thermal and mechanical response of the material.  

Predicted temperatures and heat affected zones based on finite element modeling are found to 

compare well with experiment.  Finally we demonstrate the use of IR lasers to mitigate 
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damaged fused silica surfaces and the effect of various laser treatments on surface 

morphology, residual stress and laser-induced damage threshold.    

2. Experimental section

2.1 Materials

The fused silica parts used in this study were UV-grade Type III (800-1000ppm wt.% OH) 

glass 7980 from Corning (NY, USA). All samples are 51 mm in diameter and 10 mm thick 

prepared with an optical polish and light HF etch to remove impurities.  All experiments were 

conducted in ambient air.

Figure 1: Schematic of optical system and MCT camera used for in-situ surface temperature 
measurement of CO2 laser heated samples.  The red solid line marks the CO2 laser beam 
path; the blue dotted line indicates the emitted thermal emission. L1-L6 are ZnSe lenses; an 
adjustable beam expander is used to vary final beam size; NBP is the narrow-band bandpass 
cold filter centered at 8.9 m placed immediately in front of the MCT camera; ICCD is an 
intensified-gated CCD camera.

2.2 Laser-based thermal processing and temperature measurement

Figure 1 above displays the two laser processing setups used in the present study.  In both 

setups laser light is modulated temporally using an acousto-optic modulator (AOM) and 

transported using high reflectors, a beam expander and ZnSe lenses to the sample surface.  A 
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motorized stage and inspection microscope are common to both systems as well.  In Fig. 1A a 

~10 W 4.6 m or 10.6 m laser is used in an annealing mode where laser light illuminates ~1 

mm of sample surface over 10’s of seconds exposure time  while the sample is scanned with 

a motorized stage.  Thus, typical irradiances in this setup are <1kW/cm2.  The setup of Fig. 

1A is equipped with a calibrated HgCdTe camera with a narrow 8.9 m band pass filter to 

measure transient surface temperature as described previously.[4, 5] The thermal emission 

from the sample is coupled to the HgCdTe camera through a ZnSe wedge which is oriented at 

Brewster’s angle (67.4°).  In contrast, the micro-patterning setup in Fig. 2B processes 

samples at much higher irradiances (~1 MW/cm2) by tightly focusing 9~11 m tunable laser 

light into 100-500 m diameters over 10’s of microseconds.  The laser beam is rastered 

across the sample using a pair of scanning galvanometer mirrors positioned just prior to the 

final f- scanning lens (L1).  By synchronizing the AOM and galvanometers, precise micro-

machining of fused silica surfaces can be used to machine away defects and repair damaged 

optics.  To measure peak temperatures, the setup in Fig. 1A is equipped with a gated 

intensified CCD (ICCD) camera and spectrometer (SPEX 270) to resolve the thermal 

emission spectrum.   

2.3 Microscopic surface characterization: Raman and Atomic Force Microscopies

The surface morphology of laser polished regions was characterized before and after 

exposure using a Digital Instrument Dimension 3100 atomic force microscope (AFM). 

Instrument resolution was <1 nm vertically and ~10 nm laterally.  Spatially-resolved 

variations in Si-O bonding structure caused by laser heating was measured using confocal 

Raman microscopy operating at 532 nm (CW), with a lateral, depth and spectral resolution of 

1 m, 5m and 4 cm-1 respectively.[6] Changes in molecular structure in the silica glass were 
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quantified by extracting a fictive temperature (Tf) from the measured TO-mode frequency 

shift at TO~1060 cm-1 using well-known scaling laws.[7]

3. Finite element modelling of laser-heated glass

A 2D axisymmetric geometry is used to describe the volumetric energy deposited into a 

10x50 mm silica domain as a function of time t, radial position from the center of the beam r, 

and depth into the sample z:
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In Eq. (3), P(t) is the deposited time-dependent laser power (reduced by Fresnel reflection at 

the surface), (T) is the temperature-dependent laser absorption coefficient[8, 9] and a is the 

1/e radius of the Gaussian beam. (T=300 K) ranges from ~1 mm at L=4.6 m, to ~300 nm 

at L =9.2 m.  At L=10.6 m, (T=300 K)~40 m.  A highly non-uniform finite-element 

mesh of ~8,000 elements is used in the simulations. The element size ranged from 1 µm 

directly below the laser to 500 µm at the opposite boundary of the sample. The nonlinear heat 

equation is given as

( ) ( ) ( ( ) ) ( , , , )p

T
T C T T T Q r z t T

t
 


  


  (2)

where ρ, Cp and κ are the mass density, heat capacity at constant pressure and thermal 

conductivity, respectively. Material properties were taken from vendor data or extrapolated 

using kinetic theory as described in detail elsewhere.[10]  Heat transfer boundary conditions 

for laser-heating problems typically include surface convection, radiation, and 

evaporative cooling but are highly dependent on the temperature range of interest.  For 

T>2000 K, an evaporative heat loss term[11] is applied to the incident surface.  

However, radiative and convective loss from the surface can be shown to be negligible.[10]
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A standard relaxation model is used in conjunction with the calculated thermal histories to 

extract relaxation parameters from spatially-resolved Raman data.[6]  Because the fictive 

temperature is a measure of the structural deviation of the glass from the original annealed 

state, changes in Tf are used below to assess the spatial distribution of the laser heat affected 

zone.  Furthermore, because Tf can be assessed beneath the laser heated surface, they 

complement the direct surface thermodynamic temperature measurements and allow a better 

view of the 3 dimensional temperature histories. 

4. Results and Discussion

4.1 Laser-induced temperature distribution and power scaling

Figure 2A shows the measured peak surface temperature at beam center, just before turn off 

of the 10 s long laser pulse, plotted as a function of incident laser power (P) normalized to 

beam size (a) for 1/e beam diameters of ~250 m and 

Figure 2: (A) Experimental (symbols) and calculated (lines) on-axis surface temperature 
derived from IR-imaging for fused silica heated using a 10.6 µm and a 4.6 µm CO2 laser as 
indicated by the circles with arrows (texp = 5 sec).  The data is for the beam radii, a, plotted 
over the normalized axis using the laser power, P, and the 1/e radii.  The evaporation regime 
is delineated by the grayed area while the glass transition and softening temperatures are 
indicated by Tg and Ts respectively.  (B) Transient temperature profiles near the Restrahl 
frequency in silica for P = 34W,  = 12.5 s and d = 130 m.
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~340 m and for mid- and far-IR laser systems.  For L=4.6 m, the peak surface 

temperature is seen to rise up in a nonlinear fashion as the P/a is increased. This is in sharp 

contrast with the 10.6 m laser heating case, where the temperature rise is found to be linear 

up to ~2800 K. [4] Above 2800 K, the peak temperature approaches a limiting value of 3100

K, independent of beam radius due to evaporative cooling.[11]  The nonlinear temperature rise 

in the 4.6 m case is a result of the temperature dependence of the absorption coefficient[8]

and the fact that the absorption depth is comparable to the laser beam size.[12] Thus, as 

temperature increases, fused silica absorption length shortens which in turn leads to more 

heat deposition close to the surface and, therefore, to an accelerated rise in surface 

temperature. Moreover, the nonlinear temperature rise versus power implies that the heating 

of fused silica using a 4.6 m laser is relatively more sensitive to potential power 

fluctuations.[13] Hence, a more stringent power control would be required for the 4.6 m laser 

over that of the 10.6 m laser to obtain consistent laser annealing results. Interestingly, for 

the 10.6 m case, the change in beam radius had a negligible effect on the nature of the 

surface absorption since the absorption depth is already very shallow relative to the beam 

size. 

Although 10.6 m CO2 lasers are by far the most common in industry due to gain efficiency, 

optimal energy coupling need not occur at this wavelength.  Indeed, a minimum in absorption 

depth for fused silica at room temperature is found near ~9.2 m,[14] implying laser 

processing at this wavelength would yield very confined heating zones and linear temperature 

rise with laser power.  However, due to thermal diffusion, the tightly confined heating region 

is only realized for times <th~30 ms for a 500 m beam size. Figure 2B shows a comparison 

of the calculated temperature profile for a 12.5 s pulsed laser exposure at the peak 

absorption wavelength L =9.2 m and at the more widely used wavelength L = 10.6 m. As 
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will be shown later, use of ~9.2 m wavelengths can be exploited to limit the heat affected 

zone when applying evaporative, micro-shaping techniques for damage mitigation.

Figure 3: AFM profiles of roughened silica surfaces before (A) and after (B) laser heating 

with a 10.6 m IR laser, P/a=0.01 Wm-1 and =30 s.  The change in surface height of sub-
micron grating features after Shen et. al[15] is shown in (C).

4.2 Surface smoothing and polishing of glass surfaces

The use of 10.6 m CO2 lasers to smooth heavily scratched silica surfaces was studied by 

Nowak et al.,[16] also providing the first application of capillary flow models  to explain the 

size dependent polishing effects in this application.  A more complete description of laser 

smoothing was published by Shen et al. [15] who used CFD modeling and calibrated 

temperature measurements to quantify surface relaxation.  Figure 3 A-B shows the result of 

laser polishing on a roughened fused silica sample compared with surface height relaxation 

function (Fig. 3C) after Shen et al.  The roughened surface in Fig. 3 was created by 

evaporating and recondensing silica using high laser powers (P/a>0.025 Wm-1).  A roughly 

10x reduction in surface roughness was achieved for laser-induced surface temperatures of 

~1900 K over 10’s of seconds.  By using photolithographic etched gratings and measuring 

surface height changes as a function of temperature,[15] surface relaxation was shown to be 

dominated by capillarity, even at the lowest temperatures studied (T~Tg).  Figure 3C shows 

the simulated laser smoothing curve h(t)/h0 vs 1/Nc compared with measured height data, 

where 1/Nc = W is the inverse capillary number,  is the surface energy (~0.3 N/m),  is 
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viscosity (~107 Pa.s) and W the feature (e.g. grating pitch) size.  Using rastered 1 mm 

diameter laser beams with dwell times of ~30 s, surface roughness of initially 0.5 m RMS 

fused silica surfaces could be reduced below 1 nm.

4.3 Heat-affected zone and effect of laser wavelength

Surface polishing and defect annealing of features much smaller than the thermal diffusion 

length Lth~2√D can be considered near isothermal.  However, for deep (>100 m) sub-

surface damage caused by mechanical or laser damage, characterization of the thickness of 

material that can be treated with a given laser system becomes important.  Micro-Raman 

measurements of thermally-induced bonding rearrangement can provide us with a means to 

characterize this thickness.  

Figure 4: (A) Raman spectrum of pristine and laser annealed fused silica over the range 550 
– 1300 cm-1 as measured using a confocal microscope.  (B) Fictive temperature (Tf) profiles 

measured along r=0 as a function of depth in fused silica for 4.6 m (□) and 10.6 m () 
irradiated sites. (C) Tf profiles measured along r=0 as a function of depth in fused silica for 
9.4 m (○), 9.8 m (◊) and 10.6 m () irradiated sites. The pulse length  for (B) was 300 s 
with P/a values chosen to limit surface temperatures to <2000 K while for (C) t= 20 s. 
Lines are the calculated thermodynamic temperature profiles just prior to laser turn-off.

Figure 4A displays a portion of the measured silica Raman spectrum for both untreated and 

laser treated silica. Four vibrational modes in Fig. 4A can be identified: D2 defect at ~600 cm-

1, a symmetric stretch (SS) mode at ~800 cm-1, an asymmetric stretch transverse optic (AS-

TO) mode at ~1060 cm-1, and an asymmetric stretch longitudinal optic (AS-LO) mode at 
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~1200 cm-1.  Intensity and frequency changes due to thermal treatment have been described 

previously.[6, 7]  In particular, the AS-TO mode frequency scales linearly with fictive 

temperature Tf as TO(cm-1)=1082-17x10-3Tf(
oC) and is used to assess Tf in our studies. Figure 

4B presents the results of fictive temperature measurements collected along r=0, Tf(z), on

samples exposed to =300 s of 4.6 and 10.6 m laser heating. The 4.6 m laser irradiated 

sites were created with P=6 W, a= 300 m, while for the 10.6 m laser, P=5.8 W, a=340 m. 

These laser parameters were chosen to yield similar (~2000 K) peak surface temperatures and 

to minimize material loss due to evaporation.  The extent of the heat affected regions, where 

Tf is elevated above Tg, is greater for the 4.6 m case (~400 m) versus the 10.6 m case

(~200 m), reflecting the relatively deeper penetration of the light intensity for the former. In 

addition, it should be noted that the relative axial gradient in Tf(z) is less under 4.6 m laser 

heating, which in turn yields smaller density gradients and more limited residual stress.  

Thus, for annealing of deep sub-surface fracture, mid-IR laser wavelengths with much long 

absorption depths are more suitable.

On the other hand, minimizing the heat affected zone while maximizing surface heating can 

be achieved by (1) heating over times less than th and (2) tuning the laser wavelength to the 

maximum of .  As shown below, these laser parameters are more suitable for micro-shaping 

through material removal.  Figure 4C displays the r=0, Tf(z) profiles for fused silica exposed 

to =12.5 s, P/a~1.1 Wm-1 pulses of L=9.4, 9.8 and 10.6 m wavelengths.  Because 

th, the heat affected region is limited to ~5 m and decreases further as approaches 

L(max)~9.2 m.  Though not shown, measured temperatures using our in situ ICCD yielded 

peak temperatures near ~4000 K for these pulses, in agreement with predicted temperatures 

in Sect. 3.
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4.3 Sub-surface damage repair using IR lasers 

Finally we present examples of wavelength-tuned damage repair using both annealing 

(>>th, <<max, T<Tevap) and micro-shaping (<<th, ~max, T>Tevap) approaches. Figure 

5A-D are microscope images of a damaged track produced using a several pulses from a UV 

laser (~5 mJ, 3 ns, 351 nm) when viewed from the side. The damage created is

Figure 5: Side views of damage tracks before (A, B) and after annealing with a 4.6 m (C) 

and 10.6 m (D) lasers. The damage track extends 225 m below surface as indicated by the 
white bar. Crack healing extended to only 40 m below surface for the 10.6 m case, while 
for the 4.6 m laser, the cracks are entirely erased.

characterized by a surface crater with a central crack core that extends 225 m into the bulk, 

fine hair-line cracks are seen to extend laterally from the central damage core. This damage 

track was subsequently subjected to 4.6 (Figs. 5A→C) and 10.6 (Figs. 5B→D) m laser 

heating with a=280 m and a=353 m respectively. To minimize formation of bubbles, laser 

power was gradually increased as described previously.[17] At the end of 300 s irradiation, the 

original damage track was completely healed, leaving a smooth densified crater that is 3.6 

m deep and 340 m in diameter at the surface (see Fig. 5C).  This healing time is consistent 

with the predictive T~1700 K at the bottom-most crack in Fig. 5A and a predicted crack 

closure time of  cw, assuming a crack length W in the range 0.1 to 1 m.[8] In contrast, 
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even after 300 seconds of heating with 10.6 m laser light at 4.8 W, maximum crack healing 

extended to only 40 m below surface as shown in Fig. 5D, in accord with expectation as 

discussed in the previous sections. Figures 5E-F show side-view fictive temperature maps 

comparing the use of the non-evaporative approach (E) and the evaporative, micro-shaping 

approach (F) both at L=10.6 m.  In Fig. 5F, material has been evaporated away by scanning 

the beam to produce a conical-shaped micro-pit.  As discussed above, a significant difference 

in heat affected zones can be observed.  Figs. 6G-H show top view micrographs of micro-

cones produced using a laser wavelength near max (G, L=9.4 m) and another far from 

resonance (H, L=10.9 m).  As shown, both wavelengths can be used to effectively micro-

machine away material, but the more tightly confined heat affected zone for the 9.4 m case 

allow less collateral heating as shown above in the Tf analysis.  

5. Conclusions

We have described the use of mid- and far-IR laser systems to polish, anneal and micro-shape 

fused silica surfaces and discussed the effect of laser parameters on material heating.  

Depending on the polish and surface figure requirements, the IR laser parameters (L, , P/a) 

can be adjusted to optimize the thermal response accordingly.  Predicted temperatures based 

on finite element modelling are found to compare well with experiment. The results shown 

here have relevance beyond the practical application of damage mitigation in high energy 

pulsed laser systems to any which require laser-smoothing and shaping of glass surfaces.
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